INTRODUCTION

33
Inhalable fine particulate matter, PM2.5 (mass of particles below 2.5 µm in diameter) has been 34 observed to be a hazardous air pollutant in outdoor environments (Pope III, 1995 human populations are exposed to traffic related particles in everyday life. 42 6 class 13) here. The fourth test filter was an electret filter including a wire-type particle charger 114 and an electrostatic filter media. The electret filter was studied both with (w/) and without (w/o) 115 the charger. The fifth test filter was a two-stage electrostatic precipitator (ESP), including a wire-116 type particle charger region and a collection stage made of aluminum plates. The charger and 117 collection voltages in the ESP were 7.5 kV and 4.0 kV, respectively, and the corona current was 1 118 mA. Schematic figures and details of the test filters are shown in Table 1 . 119
The tested filters were fixed tightly in the duct downstream of the mixing chamber and the air 120 flow through the filter was fixed to the desired value. In these tests, the face velocity was varying 121 according to designed application resulting flow rates between 50 l/s and 500 l/s through the 122 filters 1-5. With these flow rates, pressure drops over the filters varied between 3 Pa and 152 Pa, 123 respectively. Since both the particle generators are thermal systems that require stabilized 124 temperatures, the generators were turned on at least one hour before the actual efficiency 125 measurements to ensure a constant concentration and a stable particle size distribution during the 126 measurement. 127
Sampling and measurements 128
The test aerosol sample was taken from the ventilation channel via two sampling probes, one 129 upstream and the other downstream of the test filter (see Figure 1 ). An automated valve was used 130 to switch the sampling lines at a 12-minute interval. The sequential upstream and downstream 131 measurement cycle was repeated three times for every test filter. After sampling, the aerosol was 132 diluted by an ejector type diluter (Dekati Diluter, dilution ratio of c. 8) and then conducted to 133 measurement instruments. The filtration efficiencies were studied in a wide particle size range, 134 but especially with ultrafine particles down to 1.3 nm. A particle size magnifier (PSM, Airmodus 135 A10) (Vanhanen et al. 2010 ) and two scanning mobility particle sizers (Nano-SMPS and Long-136 7 SMPS, TSI Inc.) were used to measure particle number size distribution in the size ranges of 1.3-137 2.9 nm (PSM), 3-65 nm (Nano-SMPS) and 10-450 nm (Long-SMPS). A small-scale ESP (Mini-138 ESP, similar as used e.g. in Karjalainen et al. (2014b) ) was applied to study the subsets of 139 charged and uncharged particles. The Mini-ESP was installed upstream of the Long-SMPS, and it 140 operated with the flow of 0.6 lpm. Using a voltage of 3 kV in the Mini-ESP, based on the 141 experimental data, charged particles below 100 nm in diameter were removed. An electrical low 142 pressure impactor (ELPI, manufactured by Dekati Oy) (Keskinen et al., 1992) was used to 143 monitor the particle concentration with a high time resolution. A CO2 analyzer (SICK Maihak, 144
Sidor) was used in the setup in order to monitor that the dilution ratio in the ejector diluter was 145 constant, so that it did not change when the aerosol flow was changed between the upstream and 146 downstream sampling. Simultaneously, the stability of CO2 concentration was used to monitor 147 the stability of the SM generator. 148 149 8
RESULTS AND DISCUSSION
150
Test aerosol 151 Fig. 2 shows a typical particle size distribution of the generated aerosol measured from the 152 upstream of the test filter after the dilution (dilution ratio ~8). The mean particle sizes (mean 153 particle diameters) of the nucleation mode (NM) and soot mode (SM) were 11 nm and 55 nm, 154
respectively. There were measurable but small particle concentrations of NM particles also in the 155 PSM particle size range (inside panel in Figure 3 ). The relative concentrations in the modes were 156 adjusted by controlling the exhaust flow of the SM generator. When compared, e.g. to the typical 157 real-world fresh diesel exhaust aerosol Karjalainen et al., 2014b) , it can be 158 seen that the generation system reproduced the exhaust particle size distribution and the relative 159 concentrations of the two particle modes well. 160
It should be noted that also the characteristics of particles were, at least qualitatively, similar than 161 in real exhaust; generated nanoparticles were semivolatile and consisted of sulphur compounds 162 whereas the larger particles were mainly solid soot particles. Based on the size distribution data 163 and the usage of the Mini-ESP, the particles smaller than 50 nm were electrically neutral, but the 164 larger soot particles were partially charged so that over a half of the particles at 100 nm was 165 electrically charged. Therefore, basically the whole NM was uncharged, similarly as in 166 the NM number concentrations were 4-10 times the SM concentrations. This is also seen from 176 the ELPI data which only measured particles larger than 30 nm. For F7 and HEPA 1 filters, the 177 NM concentration was higher compared to other filter tests because of different flow rates and 178 9 dilution ratios used in the generator part. The particle concentration remained relatively stable 179 through each test. However, there were decreasing trends in the soot mode concentrations in the 180 cases of F7 and the electret filter with a charger. However, the variation in the particle 181 concentration was not significant in larger time scales. The sampling was periodically performed 182 both upstream and downstream of the filter to avoid systematic error, and hence the particle 183 filtration tests produced reliable and comparable results. 184
Filtration efficiency 185
Differences in filtration efficiency between the tested filters were observed to be significant (see 186 This is explained by the rapid diffusion motion of these nanoparticles and thus the particle losses 188 in the filters were remarkably high regardless of the different filtration techniques. However, for 189 the particles larger than 3 nm, the general trends of the filtration efficiency as a function of the 190 particle size showed significant differences between the different filtration techniques. In general 191 the relative error increased towards the lower and upper detectable particle sizes (shown in Fig.  192 S1) but the error levels were in general low. Most relative error values were below 5 %-points 193 even though especially for the ESP values were greater below 5 nm and above 150 nm. There 194 was also an increased relative error in the particle size area between NM and SM (~20 nm). The 195 relative error (as percentage points) was naturally dependent on the filtration efficiency values, so 196 that e.g. for HEPA 1 the values were below 0.1%-points below 100 nm particle sizes. 197
In the case of F7, the collection efficiency was practically 100% up to the particle diameter of 10 198 nm and decreased steeply in the particle size range above 20 nm. Hence, the F7 was efficient 199 filter for the NM particles but less efficient for the SM particles 2006). In this study, we did not find the thermal rebound of NM particles although our 211 measurement range covered particle diameters down to 1.3 nm. 212
Compared to the F7 filter, the ESP was not that efficient at small particle sizes but the particle 213 filtration efficiency increased as a function of particle size; in particle sizes 4-10 nm the 214 collection efficiency was lower than 50%, at 20 nm it was 70% and at 40 nm it reached a level of 215 95%, so the ESP was efficient for the SM particles but less efficient for the NM particles. It 216 should be noted that, for the ESP, a collection efficiency of 100% was not observed at any 217 particle sizes. This is probably due to the charging efficiency of the ESP charger (part of the 218 particles remains electrically neutral in all particle sizes). The functioning of the ESP is based on 219 the electrical charging of particles using a corona charger and collecting the charged particles 220 respectively. The observation that the filtration efficiency again increased when the particle size 228 decreased below 3 nm is likely due to the diffusional filtration mechanisms of neutral particles, 229 not because of electrical filtration since particle charging probability is likely very small. Note 230 however that there was a high relative error in the determination of filtration efficiency for the 231 ESP in particle sizes below c. 6 nm. 232
The electret filter represents a modern filter type including both a wire-type particle charger and 233 an electrostatic filter media. The filtration efficiency of the electret filter with a charger was 234 above 90% for both the NM and the SM in the size range of 4.5-200 nm (see Fig. 4 ). Both the 235 ESP and F7 filter characteristics are combined in the electret resulting in high particle removal 236 performance in a wide size range with relatively low pressure drop. The filtration efficiency 237 without a charger represents the performance of the electrostatic filter alone. In this case, particles 238 below 20 nm are removed by diffusion similarly as in the F7 but with lower performance. The 239 11 filtration efficiency decreased for the particles larger than 20 nm but increased again for the 240 particles larger than 50 nm. This can be explained by increasing fraction of the originally charged 241 SM particles in the size range above 50 nm, as shown in Fig. 2 . Electrostatic filter media have 242 typically higher filtration efficiency for charged particles compared to neutral particles (Shi 2012 , 243
Romay et al., 1998). 244
The filtration efficiencies of both HEPA filters were above 99% in the test particle size range. 245
The HEPA 1 collected 99.99% of NM particles and 99.95% of SM particles, whereas the 246 filtration efficiencies of the HEPA 2 were 99.60% and 99.33% for the NM and the SM particles, 247 respectively. The results showed that both the HEPA filters worked very well, even though the 248 penetrated particle number for the HEPA 1 was over 10 times less than for the HEPA 2. 249
The most penetrating particle size (MPPS) was calculated for the test filters based on the 250 filtration efficiency curves (Fig. 4) . For each filter, the filtration efficiency was converted to the 251 penetration and a quadratic function was fitted to the data at the neighborhood of the local 252 had the MPPS at the same particle size range as the dominant outdoor aerosol. 265
While the particle size resolved filtration efficiencies are highly beneficial in the evaluation of 266 filtration technologies, the final effectiveness of the technologies can be evaluated only if the 267 aerosol, especially the aerosol particle size distribution, is known. In urban areas the particle size 268 distribution varies significantly; while the smallest particle sizes are typically measured near 269 12 traffic, the mean particle size of urban background aerosol is often larger. (NM 10-20 nm, SM 50-70 nm), thus, the TFE for these aerosols are also almost equal. The 281 filtering technologies effective for the smallest particle sizes were observed to produce the 282 highest TFE. Size distribution of the ambient background aerosol in Helsinki is dominated by the 283 accumulation mode and the mean particle size is clearly larger than next to a major road in 284
Helsinki. This affects the TFE of the filters so that the diffusion based filters, such as the F7 and 285 electret filter w/o charger, have the lowest TFE, whereas the electrical separation based filters 286 (electret filter and ESP) remove particles relatively well. In Beijing, the ambient aerosol size 287 distribution has a mean particle size at around 60 nm and the filtration efficiencies indoor air quality level for people, the typical outdoor ambient aerosol concentrations and size 299 distribution as well as filtration technology should be taken into account in building ventilation 300 systems as well as in room air cleaners. Information on the filtration efficiency of commercial 301 13 filters in the UFP size range is important, because health risks of these particles are high due to 302 the high lung deposition probability, especially in the alveolar region (ICRP, 1994) . Thus, taken 303 into account that particles smaller than 100 nm typically dominate vehicle exhaust particle 304 number emissions and thus typically also the particle number concentration in urban air, it is 305 reasonable to extend the particulate filter test standards in future to cover also the ultrafine 306 particle size range also in other standards than ISO 29463. 307
CONCLUSIONS
308
We have developed a new method for particle generation for particle filtration efficiency tests of 309 ventilation filters. The generation system reproduces a similar exhaust particle size distribution 310 and characteristics as in typical real-world vehicles exhaust aerosol, and a typical size distribution 311 observed next to a major road in Helsinki. 312
Different types of filters were tested in this study using a new particle generation system 313 consisting of adjustable nucleation and soot particle generators. The nanocluster sized particles 314 below ~3 nm were removed efficiently by the HEPA, F7 and electret filters, the ESP also showed 315 relatively high filtration efficiencies but with increased uncertainty in the determination. For 316 particles larger than 3 nm relatively large variations were observed in the ultrafine particle 317 filtration efficiencies of the tested filter types. The HEPA filters were efficient in all particle 318 sizes. The F7 filter was more efficient for the nucleation particles (below 30 nm), and in contrast, 319 the ESP was more efficient for the soot particles (larger than 30 nm). The electret filter with 320 charger using the advantages of F7 for small particles and the advantages of the ESP for larger 321 particles was efficient in all the particle sizes studied but did not reach the HEPA filtration 322 efficiency levels. 323
The filters tested in this study were based on very different operational principles. These 324 operational principles practically determined the dominating mechanisms of particle collection 325 14 into the filtering media or collection plates, which was seen especially in size dependencies of 326 filtration efficiencies. It can be concluded that for the smallest particles (nanoclusters) the 327 diffusional collection of the particles increased the filtration efficiency, even in the case of the 328 ESP, while for larger particles the use of electrophoresis was an efficient method to increase the 329 filtration efficiency. This was seen especially in studies for the electret filter, which was tested 330 with and without the charger. However, it should be keep in mind that the filtration solutions 331 utilizing electrophoresis may be more efficient for fresh traffic originated soot particles than e.g. 332
for the long-range transported particles in ambient air due to the higher fraction of electrically 333 charged particles in freshly emitted soot. 334
It should be keep in mind that the filtration efficiency curves were determined in this study under 335 well-controlled laboratory conditions. The changes e.g. in temperature and humidity of air to be 336 purified, filter clogging as well as air flow rate through filter media and maintenance of 337 ventilation systems can affect the filtration efficiencies when these filters are used in real 338 buildings and in real ventilation applications. Thus, the comprehensive understanding of filtration 339 efficiencies require studies in real-world environments too, such as made by Stephens and Siegel 340 (2013) . 341
Based on the results of this study, we suggest that the particulate filter test standards should be 342 extended to cover more comprehensively also the particles smaller than 100 nm in diameter that 343 dominate the vehicle exhaust particle emissions and are potentially hazardous for public health. 344
In future studies, better understanding is needed on the filtration efficiency of ultrafine particles 345 in various types of filtration systems, especially in real environments and with real ambient 346 aerosols. 347 
